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SUMMA RY 


This investigation was made to determine the effects 
of manifold water injection on the indicator Cilagrams end 
from these clagrams to culculate engine performance. 

In earrying cut this study, four runs were mad6. The 
first three were mede at inlet pressures of 31", 20" and 
45" of mercury anc with e& constant spark advance set for 
best nower with no water injected, all other conditions be- 
ing held constant. From these runs it was determined that 
the indicated mean effective pressure and the volumetric 
efficieney decreased with an increase in water rate, while 
the indicated efficiency remained substantially constant 
up to the point where the engine commenced to miss. With 
an increase in inlet pressure it was possible to inject more 
water before the engine misfired. 

The fourth run was made at an inlet pressure of 31" 
of mercury but with the spark set at best power for each 
water rate used. From this run it was founc that because 
of partial elimination of time losses, the indicated mean 
effective pressure decreased with an increase in water rate 
but not as much as in previous runs, while the indicated 
efficiency showed a slight increase, The volumetric effi- 
ciency dropped the same as in the previous run because the 


inlet conditions were not changed. 





eae Tis whl redertete) wh whe ee me bland iee of eu 
Rew wewveet\ veleateed e4) wm ool iwelad eweer A608 bas Fo 
-OSaeste Nien ebfid elelibtion @f RewWae lt? aund! woety 

ar A OF BOPT THOT , ON /) 6107 4m> Qabgyeso al 
tar "OS .“ff 0 erpeuisom felot te smut weer wendy fegTy 
eel fot name FEES Keeterm » Bebe Ge! Tere } “ES 
—04 qustilenee sea0e [he . thei ed toda Of G8 Dn Geee Teee 
tats Dehuetete® aur Of eat seeds eoet Amscmme tina git 
elttemmiot ef bee vues ++ CowTie coer wereolial eat 
elite ahem vere of eeeevor! ce tile keene qlee tee 
Sbotanns ClidhlawPeiem Aedes Combet l Se wetem died ead 
ee ee ee ee oe ee | 
yom 28elel oF s34200-6 am 11 oe eueerty Ital od eed ae 
ede Seale sles ot) eeeled vem 

"LE WS wieteess Talat at fe ohare ae Oe Beet ot 
er os) twee fect tp Oe? Coe a Gite fe eter Se 
Le A SD ey Pe SEP ev tet ode) were 
oone tnreniies 442 tered ands Be parpenietio Lodtery te 
20et Tete Al eeu ines GF OF de eet Case GEL ew TSB 
Bereohied wes 4ifow ,aoet exalvets OU Oe Gee ee ee te 
2905 ahideretee OT eewernl niulde «© secu qune sot Te 
047 imine ey Clow off €f me eee Os) oem) eee 
oe dee ome eoeii iw reued 


























INTRODUCTION 


The demand for higher engine outputs, greater than 
those allowable from detonation limited engines, has led 
to much investigation of the effect of water injection on 
detonation suppression and on Overall engine performance. 
Most of these investigutions have centered on tne effect 
of water on detonation, and on the allowable increase in 
power which can be drawn from the engine after the sup- 
pression of cetonation. 

The purpose of this investigation has been to examine 
the effect of manifold water injection on the indicator 
card, and by use of data obtained from the indicator card 
to evaluate the indicated performance of the internal con- 
bustion engine, While much published data on water injection 
effects are available, very few experiments relating the 
effects of water injection to the indicator card have been 
conducted. 

This study was conducted in the Sloan Automotive Lab- 
oratory at Massachusetts Institute of Technology by Lieut. 
Comér. R. F. Wadsworth, U.S.N., Lieut. Comdr. N. Gerrett, 
U.S.N., and Lieut. M. M. FitzHugh, U.S.N. Professor W. A. 


Leary, of the M.I.T. staff, was supervisor. 
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ESCRIPTION OF APPARATUS 


The test equipment included: <A Coordinating Fuel 


Research (CFR) engine delivering power to a dynamometer; 


a high speed MIT engine indicator and MIT diagram con- 


verter; an American Bosch fuel injector pump for water 


injection; and instruments for measuring air, fuel, water 


and engine speed. Fuel was vaporized in a heated vepori- 


zation tank; water was injected by e Bendix injection 


nozzle into the intake manifold. A schematic diagram of 


the engine set-up is shown in Fig. l. 


ing ine 

A&A standard 4-cycle one~cylinder CFR engine 
No. 469373 made by Waukesha Motor Co. was used. 
The bore was 3.25 in. in diemeter, the stroke 4.50 
in. ond the displacement 37.33 cubic in. The com- 
pression ratio could be varied from 4 to 10 but 
was set for 6.63 for this investigation. The 
standard CFR engine is fully described in the CFR 
Handbook, 1944 edition (reference 1). 


Dynamometer 


’ 


A 5enp motor~-generator set made by the Star 
Electric Kotor Co. was used as a motor to turn 
over the CFR engine for starting and motoring ané 
as a generator to absorb the power delivered while 


the engine was firing. 
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MIT Indicator 





The high speed indicator is shown schemati- 
cally in Figs. 4 and 5. A description of this 
instrument is included in references 2 and 8. 
Converter 

The diagram converter was merely a linkage 
device to convert the pressure versus crank angle 
Giagram of high spesd indicator to a pressure 
versus volume diagram. 

Water Injection 

The American Bosch fuel injection pump was 
used to inject water and was mounted on the half 
time shaft of the engine. Pistilled water flowed 
by gravity from a two gallon tank into a water 
rotometer and then into the suction side of the 
pump. The pump also had a built-in surge tank and 
a centrifugal booster pump which gave a very smooth 
flow reading. <A lock screw adjustment was used to 
Zive very fine control of water rate. A Standard 
Bendix (No. 135026, Serial 42) fuel injection nozzle 
was used for water injection into the manifold. The 
nozzle was set to cpen at 500 lbs. per sa. in. at 
which a fine spray in a 45 degree cone was attained. 
Fuel Systen 

The gasoline used in this experiment was stan- 
daré 100 ostane leaded aviation gasoline. This 


gasOline was taken from the mains of the Sloan lab- 
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oratory and passed through a fuel pump into a 
bubble separation tank, through the fuel roto- 
meter and into the heated vaporizing tank. By 
a combination of two needle valves between the 
vaporizing tank and fuel rotometer accurate 
control of fuel flow was assured. A schematic 
diagram of the fuel system is shown in Fig. 7. 
Retonation Detection 

Detonation was detected by a Draper detona- 
tion pickup and a Pumont osecillogreph No. 722. 
This equipment was only used to test for detona- 
tion at high manifold pressures. Most of the 
runs in this investigation were made below the 
incipient detonation level. 
Air System 

Air to the vaporizing tank was taken either 
from the laboratory high pressure main or from 
the test room at atmospheric pressure. A Werthing- 
ton air compressor, driven by a 75 hp Wagner 
Electric Motor, supplied the high pressure air. 
When the air was drawn from the high pressure main, 
it was led to a regulator and a regulator vélve 
through a .515 inch calibratec orifice into a surge 
tank through a throttle vaive, a check valve, and 


into the vaporizing tenk as shown in Fig. l. 
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speed Control 


Speed control was measured with a tachometer 
Supplemented by a strobotac for finer adjustments. 
A drop wire rheostat in the shunt field of the 
dynamometer was employed for speed control. 
Ignition 

The ignition wiring diagram is shown in 
Fig. 6. 








PRELIMINARY PROCEDURE 


Prior to commencement of this experiment, it was 
necessary to spend considerable time in testing and con- 
necting up the apparatus as shown in Fig. 1. In order 
to simulate aircraft sea level operating conditions, it 
was decided to use 100 octane fuel, a fixed compression 
ratio, and water injection into the manifold. 

A special manifold was designed, as shown in Fig. 3. 
The nozzle was aimed as close as practicable toward the 
inlet valve. Two thermometers were placed in this mani- 
fold. One was mounted before the nozzle, and one between 
the nozzle, and the inlet vaive. The thermometer located 
after the nozzle was shielded to keep the water spray off 
the mercury bulb. 

It was also necessary to calibrate the fuel and water 
rotometers for at least two different room temperatures 
10 degrees apart so that interpolations could be made in 
between the curves at various temperatures. The method of 
calibration in every case consisted essentially of weigh- 
ing the amount of liquid which passed through the rotometer 
in a measured interval of time, during which the rotometer 
setting was maintained at a constant level. Calibration 
curves were made from the data of tables I and II and 
plotted in Figs. 8 and 9. After completion of the final 


runs, the water rotometer was recalibrated with the engine 
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running at normal operating temperatures so that all 
water readings taken during the runs were within one 
degree of the calibrated temperature. 

The air induction system was tested for leaks at 
48 inches of mereury and checked until there was less 
than .4 inches per minute pressure drop. Computations 
showed this leakage to be well below one percent of the 
air used by the engine. | 

At first, it was thought that water injection tinm- 
ing would have little effect because it was injected 
into the manifold. The inlet valve ovened at 14 degrees 
after top center and closed 234 degrees after top center. 
For the runs for which data is presented, the injector 
nozzle started injection at 36 degrees after top center 
and completed injection 79 degrees after top center for 
the high water rates. This allowed 155 degrees for the 
water to mix with the charge and to insure that all the 
water would be taken into the cylinder on each stroke. 
Several runs were made with the injection timed 360 
degrees from this, that is, allowing the water to accunmu- 
late in the manifold near the intake valve while the 
intake was closed. Little or no differences were noted 
in the indicator card for the two timing oconcitions. A 
valve timing diagram is shown in Figure 2. 

Due to the shape of the shrouded inlet valve, the 
spark plug was shifted on the opposite side of the cylin-~ 


der from the normal position to prevent the water from 
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grounding out the plug. Runs were made, however, in both 
positions und practically no differences were observed in 
the indicator card for equal water rates. The engine 
stopped running at lower water rates in every case when 
the spark plug and shrouded inlet valve were placed in the 
designed operating condition. 
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10 
PROCERPURE 


The following set of conditions was adopted as 
standard: 
Inlot temperature - 160 degrees F (read at vepor- 


izing tank before 
water injection 


nozzle) 
Oil temperature - 150 degrees F 
Jacket temperature - 212 degrees F 
Engine speed - 1200 rpm 
Fuel-air ratio - .0782 
Compression ratio - 6.63 
Rxhaust pressure - 32" He. 
spark advance - Three sets of runs were made with 


best power Spark advance set without water injection 
for each inlet pressure of 45", 31" and 20" Hg. One 
run was made with a variable spark advance, best power 
being set for each water/fuel ratio used for inlet 
pressure of 31" Hg. 

A wermeup perioc of one end one-half hours was re- 
quired as a daily routine prior to making recorced runs. 
At least twenty minutes were allowed to @lupse between 
points for steady conditions. The engine was brought as 
near as possible to the stancara temperatures by using 
steam to heet the oil tank and inlet air before starting. 
An electric eair heater was used for finer control of in- 


let temperatures when necessary. 
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After steady operating conditions were attained, 
an indicator card was taken without water injection 
while all conditions were held constant. This was re- 
peated for several weter rates up to the point where 
the engine began to miss. These runs were made at inlet 
pressures of 45", 31" and 20" of mercury, the spark ad- 
vance in each case being set for best power with no water 
and then being held constant for the remainder of the run. 
At 45" of mercury inlet pressure heavy detonation was en- 
countered. After the first indicator caré was taken with 
no water, the weter rate was increased until only ineipi- 
ent cetonation occurred. The remainder of this run was 
made in the same manner es the 31" and 20" of mercury in- 
let pressure runs. | 

After completion of the above runs, an additional 
run was made uncer the same conditions as the run made 
with en Inlet pressure of 31" of mercury, except that the 
Spark advance was adjusted to best power for each new water 
rate. It was found that the hest power setting could be 
approximateé by measuring the difference in cegrees after 
top center between the pressure peaxs of the indicator 
cards taken with no water and cards taken at successive 
water rates for the preceding run made at constant spark 
advance and at 31" of mercury inlet pressure. Finer ad- 
justment wes then meade by noting with the strobotac any 
effect of small spark timing adjustment on the engine speed. 


It was found that in each case of varying water rate, the 
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best power spark edvance oceurred at a point which caused 
all the indicator cards of this run to peak at approxi- 


mately the same number of degrees after top center as shown 


in Fig. 13. 
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PRESENTS TION OF RYSULTS 


Results are presented in the form of diagrams and per- 
formance curves as follows: 

Figures 10, lil, 12, and 13: Pressure versus crank-angle 
diagrams. Cards taken with the same iniet pressures are 
superimposed upon each other. The diagrams were treced 
directly from the curds obtained from the MIT High Speed 
Indicator. They snow the effect of water injection into 
the intake manifold. 
Figures 14, 15, i6, and 17: Pressure-volume diagrams 
presented in the same way as above. These cliagrams were 
converted from the pressur? versus crank-angle cards. 
This operation was perhaps the largest source of error. 
Figure 18: Indicated mean effective pressure versus 
water/fuel ratio for different inlet pressures. 
Figure 19: Indicated efficiency versus water/fuel ratio 
for different inlet pressures. 
Figure 20: Volumetric efficiency versus water/fuel ratio 
for different inlet pressures. 
Figure 21: Indicated mean effective pressure, efficiency, 
and volumetric efficiency versus water/fuel ratio for 31" 
of mercury inlet pressure with constant spark advance and 
with best power spark advance. ‘hese curves show the ef- 
fect of partial elimination of time losses in the process. 
Figure 22: Best power spark advance versus water/fuel 
ratio. 
Figure 23: Rate of pressure rise versus water/fuel ratio 


for different inlet pressures. 
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DISCUSSION OF RESULTS 


Effect _on Area of P-V Diagrams and Incicated l'fficiency 
Fig. 19 shows that the indicated efficiency remains 


very neerly constant for increasing water/fuel ratio with- 
out change in Spark advance. However, the area under the 
pressure-volume diagram (Fis. 14, 15, 16, 17) which was 
used to compute the indicated mean effective pressure 
(Fig. 18) and efficiency (Fig. 19) apparently shows a 
marked decrease in magnitude as the water/fuel ratio ine 
creases. This apparent decrease is caused by the greatly 
reduced flame speed and a large area loss generally asso- 
ciated with time loss. It will be noted, however, that 
there is a considerable inerease in area on the expansion 
stroke. It is this compensating area which keeps the ef- 
ficiency constant, or nearly so. As the water/fuel rate 
increases, the time lose area increases, but there is a 
corresponding increase in the area under the expansion 
curve. 

Part of the increase in area may be accounted for in 
the following manner (Appendix II). Suppose that a normal 
Fuel-Air cycle is considered. For any point on the expan- 
sion line there will be found a certain vressure. Consider 
now that another process is carried out in which the com- 
pression stroke is identically the same as before. Now, 
instead of burning at constant volume, let the burning take 
place at a changing volume. By constructing a pressure-~ 


volume diagram for a stendard fuel-air cycle, the area under 
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the new burning line may be computed and the new internal 
energy of the gases in the cylinder mey be found. It will 
be found that since the gases have cone less work up to the 
new point, the pressure end the temperature at the seme 
volume point will be higher than the pressure and tempera- 
ture on the original pressure-volume dilagrem. bxpending 
from this point isentropically gives «# higher expansion 
curve, ani therefore some additional area, which compen- 
sates in part for the time loss involved in the constant 
volume burning. 

The rest of the incresse in the compensating area is 
due entirely to the effect of the addition of water to the 
charge. The mean cylinder temperatures are lower throughout 
the cycle end the dissociation of the charge, inclucing the 
weter, is decressed with the tempereture decrease (NR. Wiebe, 4). 
This leads to @ higher percentage of COo and Ho® in the 
products of combustion, and an incressed amount of heat ob- 
teined from the fuel. The seme author has constructed 
theoretical fuel-air-weter charts and shows an incresse in 
efficiency with weter/fuel rate. This agrees well with the 
resulte of this investigation, since it was found that with 
spark advance adjusted to eliminate the time losses as much 
4s possible, the actual indiceted efficiency increased 
(Fig. 21). The theoretical increase in efficiency was 
greater, since the time losses were not entirely eliminated 


in the actual engine process. 
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Kuhring (6), in a test of a Jeguar aircraft engine, 
noted a decrezse in cylinder temperature when weter is 
added. A decrease in heat trensfer to the cooling water 
was noted in the present investigation, but the cooling 
water temperatures were helc constant by varying the rate 


of coolant flow. 


Lffect on Yolumetric Efficiency 
The volumetric efficiency (Figs. 20 and 21) dropped 


off with an ineresse in water rete oecause the weter wae 
injected into the menifold, end the water and water vapor 

| displaced some of the éir which would heve entered the 
eylinder. For this investigation the inlet conditions used 
An celeulating the volumetric efficiency are cefined by the 
pressure and temperature of the sir and fuel veper in the 


mixing tenk. 


Effect on Indiceted Nean Effective Pressure 

The indicated mean effective pressure (Figs. 18 and 21) 
dropped with increesing water/fuel ratios mainly beesuse the 
volumetric efficiency was reduced. The expression stating 
that IMEP varies direetly with eg ( Fe, :? shows that if in- 
let conditions sre kept constant, the fuel-air ratio remaina 
constant, the eame fuel is used, and, as in this case, the 
indicated efficiency remeins substantially constant, then 
the indicated mean effective pressure is proportional to 


volumetric efficiency anda should be expected to decrease. 





a Clea) Kee He fed & te las eats 
as OFtes am) VEEP ORT Sela 94 Gece © beter 
o> linet at Se Se! PE A) eee 2 eee 
rhe a bt METI yrs eet Ame, 4S Pd ogame fae 
ee Ol) BET) Tl ee LL wate ees ememe 
ul tendons Ie 


SSL TMP gerd cemaree oe preg 
~wewe 1 eee ankeh Yaedacioe aietoler mak 7 
tor Teer GN ome! ate teyee 2h oon an) pe Grew tw 








eet ede eee vader oe bavi ae ee ba eepils 
se teres OP Aline nl 416 a we em ein © 
bh C66h See Ike a GI we iieerel pid ror women 
OPW Aeeee aS EET Gaeibt au Gatien SE Ee 
ba of Worry I ere 1 ei ie ee 
sine lela 


| Serer alee ss se 9 otal og rast 








(2) RE ALT! SHUR FLERE Mee be enedtet aif 
od AOR! Lal ADEN NY MOOT VET We demwns in dmg 
STAs mOLRAr TAD AMT .LODUATT Vee Wed ba tTE > byt omuiten 
ANS et ete by SIN eo SOO EZlONNLS net) WG dae 


=> 





Anam Std the meat md Perm Hye ma madd tee SAE 





OF een AceD xk oe aH dew Bt Aged may mth , tneymneg 
SO tetonng Li Lotseequan® Ualbewe GpaAte frie Gm mn pind 


aes & gs ml a cn ent 














17 
On the other hand, had the water been injected into the 
eylinder efter the valves were closed, there would be no 
chenge in volumetric efficiency and the indicated mean 
effective pressure would increase, es has been shown by 


several other investigations (10). 


bffect on Compression Stroke 
The bulge in the compression line (Figs. 10, 11 and 12) 


at high water rates is very likely ceused by licuid water 
impinging on the hot eylinder surfeces «end treneferring heat 
from them. This water fleshnes to esteem, and the heet added 
to the charge incretses the sensible energy of the system 
and causes & pressure rise in the cylinder. At the lower 
water ratee it is likely that not enough licuid water gets 
into the cylinder to csuse a noticesble change in the com 
pression procese. Ordinerily, it would be expected that when 
water is intreduced to « heated charge, the effect would be 
to lower the pressure and the temperature, snd a thermometer 
pleced on the intake manifold between the injection nozzle 
and the inlet valve showed such a decrease in the temperature 
of the charge. However, in the case of extreme water rates, 
there is actually enough heat transferred from the cylinder 


walle to inerease the cylinder pressure. 


Effect on Spark Advance 
It is to be expected that with constant pisten speed 


and constant inlet conditions, the flame speed will decrease 
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with an inert diluent in the charge. The results show that 
the rete of pressure rise (Fig. 23) ie neerly lineer with 
water/fuel ratio. Also, the spark edvance must be inerenerd 
ag the flame speed decreases to keep the time logeses at a 
minimum. The results show that the spark advence (Fig. 22) 
required for best power is also a linesr function of the 


water/fuel retio. 


Experimental Error 


in this work it was found thet the greatest source of 
error w&s in the transfer of the dp/dS diagram to the pree- 
sure~-volume disgram. The utmost care in the operation of 
the KIT transfer machine Ls required. | 

After the date for this Investigation had been cbtained, 
test runs were mode under the seame conditions as previous 
gen ent the computations from these runs produced results 


within one and one-half percent of the original runs. 
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CONCLUSIONS 


As @ result of this investigetion of the effects of 


menifold water injection on the engine indicator ecard, the 


following conclusions may be drawn: 


1. 


The indicated efficiency remains substantially constant 
within the renge of water/fuel ratios needed te quell 
detonation when the spark 1s set for best power with 
no injection. However, adjusting the spark for best 
power at exch water rete causes the efficiency to in- 


crexse within the seme range. 


Ag the water/fuel retio is increased, the volumetric 
efficiency decreases linearly. This decrexse is the 
same for engine operation under constant best power 
Spark advance set for no water rate end for beet power 
spark advence set for each water rate, since the inlet 
conditione do not change. 

The indicated mean effective pressure decreseses with 
an incresse in water/fuel ratio, the decresse being 
less when best power sperk 1s set for each water rate 


than when constant spark advance is used. 


The maximum pressures of the cycle decresse with weter/ 
fuel ratio incresse, the decrease being preater in the 
case of constant sperk advance set for best power with 
no water. The pressure pesks eclao occur further after 
top eenter with water rate increase except for best power 
spark advance, where they all peak at epproximestely the 


game dietance after top center. 
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The time losses increase with water rate, but the ex- 
pansion line becomes higher, partially compensating 
for the time loss. 


The best power sperk advance varies linearly with 
water/fuel retio, increasing with an inerease in the 


water rate. 


The amount of water that can be injected into the mani- 
fold of en engine before it commences to miss is a 
function of the inlet pressure. An engine with higher 
inlet pressure is able to absorb e grefter emount of 


weter before missing. 
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APPENDIX I 


Symbol ¢ Used in Sample Calculations 


Area of indiccetor card in square inches. 
Volumetric efficiency. 
Heating value of fuel (19000 Btu per 1b). 


bnergy due to the change in base of the fuel- 
oir mixture. 


Sensible energy of the mixture. 
Ratio of residual ges to gas in total charge. 
Fuel-Air RNetio. 


inches of water pressure difference across the 
orifice. 


Sensible enthalpy of the mixture. 
Indiented horse power. 

indiceted meen effective pressure. 
Spring constant of indicator lbs/in. 
Length of indicetor cerd (5 inehes). 
Los of air/sec. supplied. 

Lbs of fuel/sec. supplied. 

Number of suction strokes/eec. 

HFH = 1200. 

Indiceted thermal efficiency 
Pressure before orifice in inehes of Hg. 


Inlet pressure in Lbs/in® measured in the mixing 
tank. 


Density at inlet 1bs/ft. 
53.3 ft lbs/ib OR. 
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SAMPLE CALCULATIONS 


For run with 20" of mercury inlet pressure: 


M = .0182 P h. -—- @ 
; S/R» = 01825 2elh 2 S2l2 = .oo7i2 ibs. 


air/sec. 
F/A = ot 
lp = F/A x Ma = .0782 x .00712 = .000556 lbs. fuel/sec. 


IMEF x Va x WN 
2x12 x 33000 


>». AXE _ 3.542 x 100 
IMEP < i = . 
0,85 x e x 1200 
rap = Osseo 353500 = 40 HP. 
THP x 2545 _ IoP x 22000372 = oO x 20000372 - ang 
i Me x E, x 36000 ~ 200055 ; 


7. wan 
~ 94 B Va 


IH? « 





. Ps 
i * 2 20" Hg. = 9.82 1bs/in. 


94 = 15s = .0428 lbs/eudie foot. 


00712 x 1728 


© = .0428 x 37.33 x 10 = 77 
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5 APPENDIX IT 


Data from P.-V. diagram 


Vp = 37.33 cu. in. 
Voy = 6.628 cu. in. 
Py = 71.2 1bs/in.* 
V, 36.88 cu. in. 
Py = 22.2 lbs/in.* 
Vy = 32.93 eu. in. 





V Cin’) 


Construct the equivalent cyole for 31" Kg. 


B = Mass air/eycle = .00118 ibs. air/eycle 
i-f 
Yohart x = Yoyl x “B~ 


Vv 
f= 2 
Vy 


By trial and error find f s .052 
Using this f find: 


Vehart x= 17.15 cu. ft. 
a * * 


Vehart 2 


Vehart y = 15-33 " " 
Yohart 1 = 20045 " 








At state il: 


T = 800 Be = 57 Hy, = 114 Pp = 19) vz 20.45 
Compress isentropically to v = 3.08 (state 2) 
At state 2: 

T= 1370 8, 2193 Hg = 290 Ps 164 v= 3.08 
Burn at constant volume: 

Boomb, = L507(1-f) + 300 f = 1k43 
At state 3: 

f= 5100 £E = 1636 p = 705 v= 3.08 


Expand isentropically to v = 20.45 eu. in. 
At state &k: 


Py - 68 Lbs /in” Vs 20.45 E = 1025 


From this data compute engine performance. 


First Law of Thermodynamics B,-E, = Q-W 


WW. 
te, 


= fiy-E, = 475 Btu/1b. 

IMEP = work/cycle = 148 1b/in.* 

24 = IMEP/(1-f) F' Be = 33.7% 

Now assume that the charge burns at varying volume. 
Find from actual engine data the volume at which peak 
pressure occurs is 8.86 cu. in. This gives @ Vonert = 
. &.13 cu. ft. 
Sy trial and error find end pressure at this volume s 


520 lbs./sq. in., and work done in this process = 64 Btu. 
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Expanding from this point isentropically, find that 
P, = 70 lbs./in.~ , B, = 1065 


30.85 


If we ussume cylinder pressure ended on original expan- 


sion line, and subtract the work lost, the efficiency 
= 30.2%. 
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TABLE, I 


fuel Rotometer Calibration Puel Rotometer Calibration 


3/13/47 Teruel = 78°F 2/11/47 True] = 68°F 
Roto- Rotoe 
meter Time We meter Time Wt. 
Readings Secs. gms. ibs/sec ReaGings Secs. gms. los/sec 
54 153.5 10 eQM00165 
7.75 44.5 10 00498 GeoT 85.45 10 -000256 
&.625 71.6 20 2000615 7.8 91.9 20 000481 
8.92 65.6 #20 -000671 8.7 73.9 20 -0005975 
9.65 58.2 20 -000758 9.6 61.45 20 900718 
10.3 51.8 20 ~O0085 10.2 27.1 190 000813 
11.05 45.44 20 00097 10.9 48.6 20 000906 
11.95 61.90 30 2001085 13.55 44.4 20 -000994 
12.35 57.250 30 -O0115 12.20 82.24 40 001072 
13.6 49.7 30 001325 12.60 77.4 40 200114 
14.9 43.1 30 e001555 13.22 71.1 40 -00124 
11.6 43.45 20 -001015 14.05 64.4 40 001371 
13.02 36.15 20 ~00122 14.88 59.8 40 2001475 
15.8 40.2 30 001645 15.71 04.57 40 001625 
15.81 52.0 40 2001692 16.72 49.36 40 001791 
16.88 47.9 40 001840 17.80 44.95 40 001967 
18.40 43.00 40 ~002050 
18.2 44.4 40 ~0019886 
18.76 41.88 40 00210 
18.60 42.4 40 -002085 
19.66 38.1 40 002315 
20.75 34.54 40 002555 
17.4 45.7 40 001927 
17.1 47.8 40 -001845 
14.83 53.85 40 ~001475 
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TABLE II 


Water PRotometer Calibration 


4/17/47 


T 


Water 


(Engine Running at operating temperatures) 


Time 
SOCH- 


628.0 
508 5 
154.7 
555 7 


198 .8 
118.0 
115.25 
102.2 
105.2 
113.1 
111.35 
$7.95 
84.5% 
75-9 
69.7 
99.8 
126.88 
154.82 
568.0 
545 0% 


lbs/sec 


VINA 


eQ000701 
-0001428 
e900285 

-0000823 


000221 
e0005735 
-O00585 
eQ00862 
00154 

~0G0973 
001585 
«001575 
-00182 

«00203 

«00253 

-001104 
«O50695 
000491 


«0000775 
e00001265 
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Pressure in Bubble Tank 








00) B 
Bubble 1 
Separator > 
a Hotometers 
essure 
kelease 
Drain 
Pressure keygulator 
“L/h iiatts No. 57 Pressure To 
all Gage Engine 
Xx) 
ress. helief Drain 
watts No. 30 
9-75 psia 
Fuei Pump 
helief (Gerotor) 
By~pass a 
Strainer 
= Laboratory Fuel Lines 
Y ——— 
{_— 


SCHEMATIC DIAGRAM OF FUEL SYST 





Fig./ 





-——— «+ ae ee 
tie + $= 
et ; + +4 

+ - = 
ee = ! | 


. 
4-4-4 
oe 
i » 
path 7G tes 
frat 
-y-4+-¢—-- 
Ht 
2 


od > oo 
} } 
+ 4 
i 
+ 


Por 


—~~-e s . per 
< =o 
oe 


> 
ee 
mag oe 


era coo 
Ha 


ty 


a i { 
4 
oa) 


4 


4+ 


| 
oH 
! 


Ht 
{ 
f 


be 
' 


~t 

as 
ef 
£5 aa) 


ms 


4 Cy 
se 
el] 


Ee 
ff 
1 ete anal 


: 
— 
— 
o 
-_—_— 
-_+ 


Terr 


; ri 
' : >a - ~ = 
_ | ' 
« . - ase 
7+ > 
~+| | ; 
+4 ++ et ef o--> *** 
+4 ++ +4 = 


i+e/ 
: 


{ETRE SRL 
PEE ee ere CEH 


faa Oc | 


He 


t 


4 
1 
4 


; 

~ 

: 
rt> > 
——— s+- 
~. s+ 
“|* “s- 
- -> 
.- 


Lp 


: 


f 


ii 








fig | age ' 


“ 
ey: 
; 


= 


tls be 
i Po ‘ a 
+- a + ++ et + ae 
ot bw ot 9 we oe oe ee + + 
; 
- -« . ~~ « 
. ° 
® 


ee oo 


tseeea-fes =e 





Fig. 9 





O1 614 


ss oy —— ATHUUMURIO JO SvalFag 
ge 
"O°F ~\ A 
>» / 
x /- 
- f 
| / yareds 
f [ 
\ | 
$ | y 
| o 
' : 
\\ ® 
\ 3 
hohcms 81. gear) i, 
NZER*O 1 G @aany \ 
PSo.T i 7 dAIND | 
Tete’0 un 2S Bae ya 
6S9T‘O u Cc 8AIND J S 
Q =4/M TT eaang t 7 
"137PM OU IOT °g°g VS \ -_ cae 
c8lo° J | 
“4,09T (29TUT) I , a 
"BH Ze (asneyxe) d J 
"OH S7 (3eTut) d \ | 


OO0cT Ady 





nie Tt uN 
STF °T u 
c9S°0 mM 
6T2°O il 
O = J/s 
*JaqZem OU JOT dg 
e8L0° 
“dT ,O9T 
"2H ue 
°2H uTf 
00cT 


AN + 


4? 


G aAInD 
4% aamny 
€ 8eAIN) 
2 aarng 
T aamng 
¥S 

J 

(JeTUT) L 
(qysneyxe) d 
(qeTUT) d 
Ady 


W614 


aT#AURYURISD JO saaddag 


eiINnssadd 


' 


~ tsd OOT 





6226°9 rf 
OLTe* T r 
0€59°0 Mu 
O9S0E *O 6 

O = d/M 

"IS9ZEM OU JOT dg 
Z8L0° 

"J O9T 

"PH wee 

°3H 102 

OOCT 


9AIn% 
earn) 
SAIN) 
BAIN) 
dAIN) 
VS 

d 
(3eTUT) J 
(asneyuxea) d 
(yeTUT) -d 
Wid 


ANN ZW 


21 6) 4 


aTJueMUel) JO saarsaq 


aINSsa.dld 


— sd OQOOT— 





€1°614 


eTsueyueI. Jo seeeq 


| —— 





x 
*G 
| 3 
@ 
\ co 
\ i & 
i 
0°O€ u  699°T “ ¢ SAND \ 
G°82z u GoT°T ul 7 eA) \ i; 
Ose us EBCO lt € ean ) | 
€°02 ww OBTe*O ¢ eaIny ' i 
O°6I = ¥E O = d/M T eam) - | 
‘unr yowe 103 *g°g vs } 
ZBL0° J : © 
"41 O9T (JoTUT) L P A 
"3H uz = (eneyxe) d aM he 
“3H uTE (qeTuy) d ty ° 
OOCT Ady ol, | 





\~ 
6 RPM 1200 
i yy p (inlet) 45" He. 
p (exhaust) 32" Hg. 
j \ T (inlet) 160 F. 
% (\4 F -0782 
a, Sih BP for no water. 
21 | Curve ] W/F = O 
eo | Curve 2 iT 0.1055 
Curve 3 t 0.2181 
aan \ Curve 4 " 1.7650 
| Curve 5 " 0.8320 
| | ' Curve 6 tt 1 .2ai@0 
P » 
Ss 
j » 
\ 
=. 
a 
~~. 7 a 
/ 
V Le | ive 


Fig. 14 





\ RPh 1200 
p (inlet) 31" Hg. 





L 
b ; p (exhaust) 32" Hg. 
-: T (ifket) 280 8. 
SA BP for no water. 
; Curve lL W/F = 0 
a | : Curve 2 ” Om215 
Zi fr Curve 3 " 0.662 
a Curve 4 " LeBaep 
3 Curve 5 " 1.847 
I = 
oN 
/ 
| %@ 
= 
SS 
Fae ~~ s 
- en ye 
———_~ 
7.47 in 


Fig. 1S 





= LOU pale 


~d4 
© 
S | 
3 
49 | 
nm ) 
® 
a 
A. 
~ 
\ 
Volume 


RPM 1200 
p (inlet) 20" Hg. 
p (exhaust) 32" Hg. 
T (iniet) 160 F. 
F ~0782 
Sa BP for no water. 
Curve 1 W/F = O 
Curve 2 " O. 3060 
Curve 3 " 0.6530 
Curve 4 * 1.0170 
Curve 5 . 0.5225 
ites 
ea /ea? in 


Fig. 1G 








AB RPM 1200 





A p (inlet) 31" Hg. 
p (exhaust) 32" Hg. 
T (inlet) 160 F. 
F 0.0782 
SA Best power for each run. 
Curve l W/F= O SA = 19.0 
Curve 2 ° O.218 °F 20.3 
Curve 3 a 0.836 " 25.0 
Curve 4 ' 1.425 n 28.5 
Curve 5 * 1.665 * 490.0 

\ 
P 


Fig. 17 





O?¢ 


6! 


Cl Z| 91 ¢! FI Ct et 


BH O2 ='d - 
PHEsi=4 -¢ 


CHa 4% 
“A/M SA BANSS BA BANIIJJ] UDA), PIsoripul Jo 401d 


ee be 


a 


81612 | 


01 


6 


re 


a40y Jan / 
r 


L 


a 


| 


i 


JOr 49j0M 


9 


ai 


+ 


O¢ 


OL 


3 


S 


4 


00! 


Ol 


Od! 


OC} 


— 
+ , ° ~~ 
(VSA) AANSSAAY GAI{DAJL] UbaL Pasodipu| 


OS! 


09) 


Od! 


Oel 


002 








te ep -+ 
ts het 


ee 


| 


t 
H : 
C =. “ i =a ' , ¢ s F ++ ; 
5 ee rae + "6 a 4 2s ieeeeee ake 
+ ji 


t 


+ 


—— a ee ++ ae fp -- - 
a 


ia 


Se oe 


¢ 





. . 
- w=, 4 b-* ~~. @ 
| =the 
-FT 4 9  4—-b—-9—-4 - 





+ += —-++ & o> § 2 +--+ + 


hp ps Hf a 


ee ae 


pee a 


Pee ee 


rT eee 


+ + -_- 





a ’ 4a 

— +++ m4 
G oe eT 

+ + 











ae tp 


6-4 


mt lee fet 
516 t reer OF api 
aD at / a4 A 
a i 


ae fa it oh ata Ht SMHS es 


- 
8 
e 
2 
a 
eo 
a 
a 
a 
3 
tL} 


E | hd path 
Lo 


Sones 
reretettt trite 
PTH HTS es tf 


Be ders 
. 
ff 


we 
| Ty 


ry Sy 
Sir ttt 


o ® 
fay mafia] slay en) 
i. 
se 

aoe 


ed | 
a 


ESSE ere eee ree Hn 


RE EH EE EE 

reer Sea crest 

i 2 eee ee tee) 
r+ 


i 


wile! 


44 chee Abed a . 
She . 
ah decal tetas baa 


iebbbubebba bo ee Le | bry +4 Cid eared feet ie 
eateries tet t tre a 


PE tt 


| 
ty | 


_ Lb petite tenet 
ert 


pe 


hb eee 


LBL ie i) oe 
>. -s 


th 
7 
ep 


aya re) 

[isa 20) 
St] 
Ss 
el] 


ee 
Tt 
+ 
«.° 
ite 


2 at Le ia 


eS Sele ere api 


oe 
al 
Patt 
cate 
° ga888R 
1 
Te Cor 
ct ee 
eishatoca 
am 


HEH 


oY 


ae 
Sa 
rT | me ff + - 


2 
a 
coo 
e 
-T tae 
geen. 
Ee 
HH 
haat 
oe 
hacia 
vy 
aT] 


* 
be * 
Ct OT | ited | OPT 


| 
C 
eee CCE EEE Ly tH | seen | 
re Ce i bo eeariolel raps) 


mba ee te et a ae 
Se 
eeeeeeHEH EE Eeee ETH ES Ee tet ee a peti 


BREESE SEES EEC 
Ht SE EE EE ea ee en 


eset gage sea tecosrer Pe peer B 


Sees Gees «ger “eg -— os eee ees eoere 
a raga PH Hath oy ate HHT Rt est eat Hot pctaS ees 
eee PiAL IIa ii tt Tl + ST3i r 


He Hate SEs fe s oe — 





pee EEC Eee eee 


a 





Ht eee eet Roti EH ae i | ee Po 


afl 


auaeee COCO aes eee 
COC at baie Taare Taste ae pail Perea Pe T Pet 

Beets tc CLL | eee eee eit le ro 
Ces BEER EERE CEE pee a 


seeeuere td 
Bae 


e a 


H CO OE oe eee Bess sR as nates Sos ETS sts 

+p, otf pate et fH | Th S59 pegccd seneetenenses Atte oh SHE 
STS ETRE HE de eee SSS RHR HE TE ee reget ttes sth 
peer ne tt ara e lea] HH Peet RE li pt etd ace — +$+ =e 
BEECHER ataiatelate TST sas HEC eee a TT) a4 oe EE 4 fa ee 
i ereaepel pa Ao BSG SGhOe Soe ete peteet 4 PEER EHH Het H+ seaeees 7 ases taees pace: 
R0T08 sean SRS Se SHE pets eseeens 7 Ht ret? 
8a088° S588 iat aaine | PTET Et tH SH * 
Be SHH HH HHH H+} seessesat Tt ) ait ‘ts 
eyes ttt) amet) ty icy ECE EEE EEE Tt ~ > 
BCEEEE CECE PERRET tote HEE ete SES # =F 
abel aoe eerie ee, | Oe oe en ee tt 17 2005 SOGRE CREE Mee oan ee eee Te — Bemecegusssesees +++ 
peel (ler) ecole leet ta) SET et COREE a Ha ttt Tt rT TTITTT 7 
eee rt to Be ee en Ee Oleh eer CEE EE SEER 
PEE EEE EE Sees Eee eee eee aaa ats = 
me tdet ot ptt ac)t el PEE eH EGSSRGSESR eee, senees ceeese fae 
BEC Ee PERCE EERE EEC EERE HEEFT SPER 
BEER EE EEE EERE EEE EEE EERE ECE CCE CCC eet ee pe 
ane emanate fo) pcl ae aol ee | et edt | tty |) a) ekenage 2 oT) =m ——— ets + 
PEI EEE EGE EOE ere ear re Peete 
SCC ee RE eee Cee oe te BOSS SEER FAROE ROSES SESSS Rhee ee. _ a | iisss 
BEE Teepe 
EE] seas FeeayT ere PEE REESE BEEEECEEEE EEE - 


ae Horr 9 tc a ep sEe a ON a ce a aw | fo an arg gf py fc ef pNP 
BEE He eee Pi | STE eo aS 
erecta er rE Plt pili. Cry Cia eee POE ee eect ee 777) tris ree Ht her 
EGE LES HEG EERE EERE EEE ta = = a Ee EE 7 
cs fa a a a) - 
Fc Vi pian Fa pa | an | cl | TP GM Ne pg EVP py wpe ay ee fi ey TTT TTYL LLC ioe lope teen io > ey try i +> in - Tit rey rT? 
eee a... 
pela a eee et pe ee | tt 2g | a |g oe |e gm A it i td ° 
Srastiiass eS eT Se tis oe ae 78 
seszsccerensesess SECC EEE : pede Sop SY 
r ty rhs 
ESO EEE ee oe eee Po at 


Be oe Ht HH py a 
et eS eer eee eee eee aT i ce 
rT 


BEER EEE S 


$y YT CF) wpm | Ff mY gO BF Og fF oF Ht} TT ete TT | [aan panes eta tal mes 
ee ean teeae ee eee EHH 


Sa Pe ee Se faetsapeeaniisas 
Sdecbegeatin a sh th |e et 
See saa eaerenea ene So oases rT a: 








ST ree Spee 
ae 
ESE Ea eee EES EEL 


+> 
’ 


Th 

| he 

| he 

ra 
—T 

£ 

* 


Preterrretrttriri tite tit ttre Tt) 
(OP AGO AA 1 HH 
4 = —es 
bide! C7 er ttt Pa) s 
‘ 


rtd stad 
Ht 


a ~ ' 


7+ 
) 
a 
: 

+ 
4+ 
te+ 

ba 
: + 
' 
a > 


4 
e 

ttt tett es + to +5 
"Sees 


TR Tg 


ee 


33 


if 
a 
re 
seses = 
Pres 
ts | 
HH 


eoneer 


+f 


PR eS 
het theese 
ttt 
aes 


re 
ttt 


ais 
: 

Pr 
eho dd 
Te 

bbb 
: 

La hadh te) 
: 
: 


CSE rae ee a 
ee aaa ale ale lala ale aerate eel oe a ale eel eel ale ae alee ee eee 

TE TT TL 
CT ee ee ee ee 


pp I 
= 
- 


SHS HE 
EES 
33 
H+ 


if 


testes 
ois 


ot 
usta 


ae 
NT 


= 
TT oe eee 


or) 
a 
= 
ett et 
HH 
TT 


Petts 


ee 
Het 


oth 


5 

eet 6 Leela aaa alee lems) e nee : 
po Pp ee Se tt 
— sea eg Yee een ea be he eee a | 


oes 
+ J 
i 


tere ttt ttt 
scesesssccsr 
eeeceececee 


atte tes 


rH 


® 
= 
7 
LJ 
e 
. 
. 
. 
Ld 
« 
. 
= 
e 
’ 
J 
8 
. 
a 
i 
a 
« 
® 
C 
A 
a 


Sette 
erty 

See 
ost icte 
sessees 


1 
oh 
TE 
a) 
ea 


Pe PRT EP i 


po fn cep pena a fr 


Pree Tet 
as 


+ 
aE 


E 
e 3 


: 
PTE 


eH He 


Bitte 


tiie] 
= hd 

-< +4 

e it | 


i 


ath 

HY 
Prt Tr 

+4 

. 

o 


Steet tts 
Ababa det pedpaliabaabeduteallaMehecbeabediedud 


HER 
SETS 


EH 
Hun 


oh itt 


: 


LDMOS EP LL 
Ld 


ve 
STN 


headed pede 
rt 


joe 
| fj 
aa 
Ltd 
oo 

* 

. 

. 


ee 


TTTiTTITIilTI hilt 

eee ane note ist fol ern poletetet tal tt fat td 

TIIITITIIHttitifttiiri titi ttt LLL Lt 

Gmail tT TT) Pini ht tt ® 

pee EE Gee 

CL CCL TPIT) TEPEI CIEL IstIIC IIIT IYI I ttinitiriallT titty rr ttt tii) 1) to tt tt) on to) elect) totojoh iol teen re 

eae ee a a tte nd fetes oko hfe ce! 

CS eT eT ry tii tt cece LLL LD 6 ot adh foke) So dutetnt eens crane 

ot Tae be VI T IVI IIIs tisiiliiitilitirpiititriliiritititTiriIPiti lire ol gotel toot c) oc) ol ote tenereeery [iter [ere 

BEER EEE EEE EEEEE EEE EEE EERE EERE EERE EEE EEE EE CEE EE ECE RRR EEE EEE PEE EEE ps 
Bi 


ote] 
te 
Bd) ob bh he 
bhatt Reteethe 
bi 
S58 (ee 0eee8 
seer. 
Soeee lane 


. 


ius 


Cy 


sTe 
aes 


oh 
ett 
anes chaos 


rH 


apc 


ae 
we) a 


e——T——*—Z—*—K—&e Eee oo eee aa 
pH eT a ea ep ee eee ys 
ee EEE eee eet ene taney beep ois eg erent fap chan 


\ bbb beh bh bd 

Debt leche dt Aided di Rte cdertecbe leben 
tise be ttt et ek 

SSSCS Ceees seen 

Sp 


33 


g oH 

el 
Be aa aera fe ee poe oe ha) Wel ae dk To] [ope apepeenen at |” eaten] oe eee RS 
Se as ager ep epee eto oe. ol ee fo) of pageganey caper tof op pyar chap aeeiegerey opine eee 


pi PTT ee a 
ee a) 


te 
STR Ith 
sh ded 


+r ’ 
: -* ° ’ 
4 - 4 
> rT? ? = 
/ + 
+ r , 
+4 ; > 
~_>-+ ‘s- 
- 
PRS 
; v 
77? 
+ . 


Se 


: 
rah 
: 


Coe 
res 
aH c=. 


eee ae oie et eer ares ee tg ee | ae 
pt 
Fa FO Fe ep FF YY fy) me Ye Fo NO 9B 9 GO 0 9 9B Fan OP nT Pa a go 9 9 me 
Het tt ee eee eee ee ee ae eg Se eee ees | eae | 
Jr +} ft ty ee EEE ooo 


Py 
pe 
. 
ct 


a rt 
Tere riTy Ty tet) 


PFE 


He 


tad Cee oo 
4 
try 
trte 
++ 
~~ , 
~~ 
- 
joe CeCe Eien TT CL ene) lina) 


: rt tot $=: 
Mt s tet tty Lad 
ott eee eee a a A as FY no ik wa ea a os a og pb | pp 


e 14 
euasasesee suans CSO aero rE EHH He 


POC eee HES BEE 


See858 . 
a ee 
BEE EEE CEE EE ECE EE PES cas 


ee a ecient Fl Ltt rr. rer REECE EEE CECE EEE EEE $rf 

7? 
ee Ee ee rar tee CELE ELL LLL ein nici foe Sap ee) ee 7 
ee PTT ae r 
eee Se ee eele oleae, @ ies leah ag ene peel cro) ep Poser pe Pele) od 0 0 tt eee Se en peletol at peter ga att Pere) or ion 


++ 
- aa 
: 
- +a 
— att 
+ +. 4- +s + 
' e444 
4 +4 rt p 
rhe 
mei. a as ' —s ho 
Ct La a r P| > e 


Sars A. 
-_ ad 5. 


i 


Pet 


_ 
“bch 
T* 

J 


i 
i 


a es ++ - 
-~4 ~~ 
, ~ «t+ + 
tt if 
a += —-4- 
<4 +. 
-/ 4 t 
ry t 
Sf YN FF nf a Gee pe YY] OY 8 ed gO GN Og a Eg 
fe a eee so eon et) ee CLE Ct eo) | re) ool poet 1 8 1) 0 toe polos eee) poppe) cee pepe reece a 
pre Ino east ke to PP tee Pe Pel on de cl oe tok Peep pn pep | 
SP epee a ep ob et ee Pe tt ee en) ee to) 6 [dt ped Seep ope apie ee ee | 
SE RP FO) gO FY [AC gO | gg |G DTG on mF U ONG ON FP] Og PFPA DG Ng HY gO ng] a] OOO YA Gf OP 
5 a wa mY Eg Fe] | fee Gg oe] Yr) afr gp egg NE hy NY eg ON se yey aA oon] pc yO be 
eee eee ees ener aioe te Pde ne On Mere eerie NL Pek a op tt ted oe) op oa eel eee 
Hf 


Oe tee PEEEEEEEEEEEEE EEE EEE EEE Eee Pee Eee 
PRT EEE EEE EEE EEE ESE SE 


: ; 1 : iF «-| ; 
| t+} bey 
ive r? 
ia 
Att ane ToT. 
Ha Lie 4 + 
Hoth tt Ty ot 


EES Retin UE SR 


ae 
FH: 
a 


PH 


ae 
ee 


sol EE Eg Ee es aE cso eee HEE ELE TSE 


pot Ca lone lara) oe ee 
BE ee 


Theo SH RT ; te 
are Susu neues Saess seeaseueuasuenne CEE SE: Sanasune 


4 


EEE 
Pee 
pe 
Hb 

ot 
eee 
SEE eer 
PEEL 





aay bt tpt ate tatataes pif mn) fe ata ee) eee 


eee eS OOS Clee ato )o | Se eee elle sor area] cejelelee mye ls see kelet sae : : ig any ON Op 5] TN | Tg 9D FS) a eo) PN) || Fs ye | ee ope eee 
eae same Te) ee ee OS eee el ele a a ane eae a] carn pelaterabe etckatetel fete tts flatts epatat oa abet oto Fe Ei mn a ie Fe Ee a 





SEE a eee Te 


FP Yt 


i} 
i) 
& 
tI 
besshoace | 
i 
3) 
ia) 
J 
io 


a 
at aA 


apa Re prtgept ttn 
rT AS TTT eeaee 


GP SBra GF HE 
Hsp et aie 


y 
—o Be ea 


a5 

Ho it 
See 
rer 


pe 


cane 


' 
ian 
FE 


Seo eee 
Ho Tee 
SUNG | eee oe ree 


ee 


ath ata SSieal sta 


Haat Tt 


ryt 
a 
a 
te 

eth 


ste 


3 


sed 


FeSRGGene. - 


f 


srenfstasests Ee tp He Seer 


PEEP HSE Hee eee 
PEEEEEEEESE EEE RPE at 


ee 


a 
Bia 


TI a a 
SECC 
Lhd 
a 


i 
#) 
[ 
| 
O 
2) 
2 
oO 


HH ae 
EPR EH 
Pee 
EEE PRS EE 


od 


See i 
= 
aS 


ese Pee 


ene | TTT TT I 

COT eee 8 

& ee TTT eg 
“P~tod ft tt iT 


: Boe 
RHEE SES: Aue 
C7 


—. 
SL ed 
oe as ST 
Ciel heise feeds f4- ++) i 
L 


pe ee seae 
= 


i 
ree 


al 


it a | 
Bey SHS 


aT 


cee 


aaee Hea 


Stat 
cP 

SH ee te 

eee aes 

RHE 


PRRCEEE EEE 


Le i 
tHe hy 
— SSH 


~ 
ea 


a = Ete 


a hi? 


nad 
is 


foie 
aacne 


sat rtesfoete 


Li 


ele 
aaa 
: 
E 
Hoa 
cot 
Het Bi 


oe 











& = -a=- 2 = = = ow .eeme oe oe @ «@ rey 


* 
a * 


% 
~ 
% 
ee? ate eee em. 


. 
= 
a 
° 
m+ € eo eet 


° 
eo? 


e 

° 

e 

. 
e* ee 


e 
e 
. 
- 
. 
e 


. 


= 
# 
+ 
xn 
s 
< 

% 

e 

aa ®. 


’ 
% 


‘ 
ce 
“4 
e 
o te 


- ae os 
. 


. 
“eur, 2 . 
{ Ser eae ae) ea whe ,° 
e 


° 
® * 
4 sen Le + Oye, eh Meet we 


} . ' ° 
iB a) = rae of ge oe ae: ae? 
4 e #ty8 7- 
e 


. e° fet ww, . 
oMece* a e* wf qe. woe il aed.* atq@ #,° aS 9 co gt Soe eM rege «tat Sa FO AF H0 ay 0% gry Wee bee AT oor eee ed Ie be al ee ee © Keto See*e ngs? Oa a em ene ae® sce eare eS AAs 78 ns 0.° came one RAE oem er Orme hoe og 
oy a a 
oo 8 28 fe 


C «— 34nss33ag cure 


ee 
e 
‘ er 


e 2, 


0 Fg Mw we oe Reap ob oT> 


*% 


Crank ANG|@LE — 


tae ff o** 


e 
s 
wei Pee we Me Be 


% 
es. 7 se 


- 


¢ 
etae 


"27° ete Mo, 


r 
ea” 


. 


e 
ym 
; 
2 


. 
® 
Cogan 
ef peees 8 *e 


es 
2@e eotn*+,? 


C No WaTeR INJECTED) 


Fia. 24 


INDICATOR CARO 


SAMPLE 





ote wom Wt ee Om. oes, 


(Sa1VM 


eM e508 M6 


ieee" 


@ye 


oy ” 
~ 


ABreo Toe ee ee ee ee ee ee 


HALIM) 


Gav, 


sz DIS 


AOLYSIGN] BIdWVS 


«— JIONY »ANVAD 


wef e eg B2te ote 2 


é 


+ 


ote ye Guo? Fw oe 0 tas Age 04 80g? OP Og gee Perr rt te tr) 


: 
o*d 
a 


4 
ote tte M8 ey TH 0 


? 
aH here Fae dy HM 0, ew eo y 


~— 3unsssad 


eee 


or ptege Gee ey ge" Be oy or 0 at ® sae, 


wre 


VOL 


Bw Fe ty®t%a oho *sety 


; : B 
F eaaM er ese seg Barre SSRI RS MV arte o ote ttt, foe wag eNO ann One see. 900 e mt aces Cee. - 
° . a 
o* weet * * Bi aS ive 
- . 
~eaee” 2 4% Sm 
2 acer 
2 ose! ... 
a ae 
aw” =e 
none 
ve Be. 
% - a : 
Emlon a 
= 
4 
. 
e* 
= 
° 
» 





Fia. 2G 


CHL INDER 


(O 
Z 

, < 
QO 
aA 
z 
z 
- 
re 
aed 
Z 
t 
= 
E 
ty 
a 



























